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Abstract—Quantitative data on the nutritional requirements of microorganisms are necessary to predict the
behavior of bacterial populations and to control their cultivation. The requirements of the R, S, and M disso-
ciants of P. aeruginosa for carbon, nitrogen, and phosphorus were derived from the results of 88 cultivation
experiments. For each of the dissociants, we derived a coefficient that rel ates the optical density and the number
of cellsin the dissociant culture, determined the time when the cultures entered the stationary growth phase,
studied cultural changes induced by transfer to the stationary phase, and determined what nutrients limit the
growth of particular dissociants. The nutritional requirements of the dissociants are discussed in relation to our

earlier data.
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During their growth many bacteria, including
pseudomonads, can segregate (dissociate) into variants,
which differ in an array of properties, such as colonial
morphology, resistance to unfavorable environmental
conditions, synthesis of particular substances, the abil-
ity to degrade xenobiotics and hydrocarbons, and nuitri-
tional requirements[1]. Some of the biochemical, mor-
phological, and physiological properties of Pseudomo-
nas aeruginosa were described in a number of earlier
publications [2-5].

Of great interest are quantitative data on the nutri-
tional requirements of microorganisms, which are nec-
essary to predict the behavior of bacterial populations
and to control their cultivation. This prompted us to
study the requirements of P. aeruginosa dissociants for
major nutrients.

MATERIALS AND METHODS

Eighty-eight experiments on the cultivation of theR,
S, and M dissociants of Pseudomonas aeruginosa K-2
[2] were performed in 1999 through 2001. TheR and S
dissociants were grown in a medium containing 2%
glucose, 1.1% nitrate, and 0.055% phosphate, whereas
the content of these nutrients in the medium for the M
dissociant was reduced twofold. To investigate the
dependence of bacterial growth ontheinitial concentra-
tion of carbon, nitrogen, and phosphorusin the cultiva-
tion medium, the initial concentrations of glucose,
nitrate, and phosphate were varied from 0.03 to 2%,
from 0.01 to 1.1%, and from 0.001 to 0.055%, respec-
tively. Each of the dissociantswas grown in 24 versions
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(some of which were replicated) of the respective nutri-
ent medium. When investigating the effect of anutrient,
the two other nutrients were added to the medium at
nonlimiting concentrations.

The bacteria were grown at 28°C with shaking
(180 rpm) in 50-ml tubes with 10 ml of the nutrient
medium for 1.5 to 3 days (to the stationary growth
phase). The material for inoculation was 1-day-old cul-
tures of the dissociants that were grown on MNBA (an
agar medium containing malt extract and nutrient broth
in equal amounts) slants. Bacterial cells grown on the
dlants were transferred to a tube with physiological
saline solution. The densities of the dissociant inocula
were adjusted to 10° cellml either nephelometrically
or by using aturbidity standard. The inoculum size was
3 val %.

During the cultivation of adissociant, we controlled
culture turbidity, pH, the appearance of cells of the
other dissociants, and, in some experiments, the inter-
mediate concentrations of the nutrients under study.
Samples for analysis were taken after the first 14-16 h
of cultivation and then after each 4-6 h until the station-
ary growth phase was reached. The pH of the medium
was measured with a Checker micropotentiometer
(Hanna Instruments). Glucose, nitrogen, and phospho-
rus were quantified with triphenyltetrazolium chloride
[6], sulfophenal reagent [7], and by the Panush method
[8], respectively.

Culture turbidity was measured at 540 nm in a
0.5-cm cuvette by using an FEK-56M nephel ometer
equipped with a green light filter no. 6. When bacterial
growth was poor, measurements were carried out with
a 2-cm cuvette. In this case, the results of measure-
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ments were correspondingly recast. For convenience,
the nephelometer readings were multiplied by 100.

For each of the dissociants, we derived a coefficient
that relates the optical density and the number of cells
in the stationary-phase dissociant culture. For this pur-
pose, the 48-h-old cultures of the R and S dissociants
were diluted 100- and 10000-fold, the 24-h-old culture
of the M dissociant was diluted 10- and 100-fold, and
the dilutions were examined under a Lyumam-13 lumi-
nescence microscope, which was equipped with aZhS-
19 light filter, a x4 eyepiece, and a x90 L objective.

The number of microbia cellsin ml of the original
suspension was calculated using the formula:

4an x 10107

N =
where N is the number of cellsin 1 ml of the original
suspension; « is the mean number of cellsin a micro-
scope field; S isthe area of the microscope field (in the
given case, 10000 pm?), and # isthe dilution factor [9].
The conversion coefficients (cell number to culture tur-
bidity) for the R, S, and M dissociants were found to be
1x108,0.3%x10% and0.17 x 108 cells/(ml x nephelom-
eter units x 100), respectively.

The requirement of a dissociant for a nutrient was
defined as the amount of this nutrient consumed from
the medium in the course of cultivation to the stationary
growth phase as measured per one grown cell. The

requirement was calculated by using the formula: qiL =
AL

An;’
over a certain period; An; is the number of cells of the
ith dissociant grown during this period; L = glucose
(C), nitrate (N), or phosphate (P); andi =R, S, or M dis-
sociant.

Mean requirements and confidence intervals were
calculated using the Microsoft Excel 7.0 descriptive
statistics analysis tool.

where AL is the amount of nutrient L consumed

RESULTS AND DISCUSSION

In the experiments in which the dynamics of nutri-
ents in the cultivation medium was monitored, nutri-
tional requirementswere cal culated by the formulapre-
sented in the Materials and Methods section. In most of
the experiments, however, the dynamics of nutrientsin
the cultivation medium was not monitored. For thisrea-
son, the experimental design was based on the assump-
tion that a nutrient that is investigated in a given exper-
iment is growth-limiting. Thisimpliesthat (1) the con-
centration of this nutrient in the stationary growth
phaseis zero, (2) the amount of this nutrient consumed
by the stationary phaseisequal toitsoriginal contentin
the medium, and (3) the number of cells grown at the
expense of this nutrient should be measured in the sta-
tionary phase.

Such an experimental design posed the problem of
recording the transfer of cultures to the stationary
phase. This problem was solved by measuring culture
turbidity for 2-2.5 days at intervals of several hours.

To make surethat theinitial concentration of anutri-
ent in the medium is growth-limiting, we used three
approaches. With the first approach, the initial concen-
tration of this nutrient was reduced by two or more
times compared to its content in the medium described
in the Materials and Methods section (this medium is
likely to be balanced, asis evident from the practice of
P. aeruginosa K-2 cultivation). The second approach
was checking the proportionality between the initial
concentration of the nutrient in the medium and the cul-
ture density in the stationary growth phase. With the
third approach, the stationary phase culturewas divided
into four equal fractions (subcultures), one of which
served as the control, and the other three were supple-
mented with glucose, nitrate, or phosphate. The subcul-
tures were incubated for 4 h, after which their turbidi-
ties were measured relative to the control. An increase
in the turbidity of the subculture to which, for instance,
glucose was added served as a confirmation that glu-
cose was the growth-limiting nutrient of the origina
culture.

The results of 26 experiments with the R dissociant,
34 experiments with the S dissociant, and 28 experi-
ments with the M dissociant are presented in Table 1.
Thetable summarizestheinitial contents of the nutrient
elements C, N, and P in the medium, culture turbidities
(nephelometer readings multiplied by 100) and pH in
the stationary growth phase (or at the end of the culti-
vation period). The original medium, whose composi-
tion is described in the Materials and Methods section,
was numbered 1. In the mediawith increasing numbers,
the initial concentrations of the nutrients under study
were gradually lowered in order to reach their growth-
limiting concentrations (as was mentioned above, this
was checked by observing a proportionality between
the culture turbidity and the initial concentration of the
nutrient in the medium). The experiments with subcul-
tures (the third approach) are marked in Table 1 by an
asterisk.

It should be noted that the results of some experi-
ments were not used for further analysis. These are the
experiments for which there was no certainty as to
whether the culture reached the stationary growth phase
or not and the experiments during which amonoculture
of adissociant was found to be contaminated with cells
of either of the other dissociants[10]. Such experiments
might give erroneous nutritional requirements. The
results of the faultless experiments were processed to
determine the requirements of the dissociants for the
major nutrients (Table 2), the mean nutritional require-
ments, and their 95% confidence intervals (Table 3).

Based on the data presented in Table 3, we deter-
mined the composition of a balanced medium, which
must contain 0.225% glucose, 0.03% nitrate, and
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Table 1. Theinitia content of carbon, nitrogen, and phosphorus in the medium, the optical density of stationary-phase cul-
tures expressed in nephelometer readings multiplied by 100, and the pH of the medium in the stationary phase (or at the end

of the experiment)

R dissociant S dissociant
i Initial content (mg/ml) Onptical i Initial content (mg/ml) Onptical
Medium of nutrients de%sity pH Medium of nutrients de%sity pH
number , 100 number , %100
carbon [ nitrogen [ phosphorus| (%100) carbon | nitrogen | phosphorus | (%100)
1 7.98 181 0.11 473 19*. 0.78 0.03 0.008 63 73
2. 4 0.9 0.056 430 20*. 0.78 0.1 0.002 30 6.6
3. 4 0.9 0.056 342 85 21. 0.4 0.035 0.01 30 84
4. 7.8 0.72 0.056 224 7.3 22. 1.62 0.14 0.04 123 8.7
5. 7.8 0.72 0.056 276 8 23. 0.4 0.015 0.01 28 7.6
6. 7.8 0.9 0.056 249 7.7 24. 1.6 0.06 0.04 136 8.8
7*. 0.78 04 0.028 87 8.8 25. 0.12 0.035 0.01 9 7.7
8*. 3.18 0.1 0.028 89 4.1 26. 0.48 0.14 0.04 30 6.9
9%, | 3.18 0.4 0.007 95 4 27. 0.12 0.015 0.01 14 8.2
10*. | 0282 | 0.1 0.008 21 8.4 28. 0.48 0.06 0.04 52 8
11*. 16 0.03 0.008 37 4.4 29. 0.78 0.1 0.01 74 8.2
12*, 16 0.1 0.002 26 41 30. 3.24 04 0.04 177 8.3
13. 04 0.035 0.01 31 8.1 31 1.6 0.2 0.01 99 8.6
14. 1.62 0.14 0.04 120 75 32. 6 0.8 0.04 220 8.9
15. 0.4 0.015 0.01 22 6.8 33. 12 0.035 0.01 68 7.3
16. 16 0.06 0.04 110 7.6 34. 4.8 0.14 0.04 160 3.2
17. 0.12 0.035 0.01 17 7.1 M dissociant
18. 0.48 0.14 0.04 31 7.2 Medi Initia COI"ItGI:]t (mg/m|) Optlcal
19. 0.12 0.015 0.01 14 75 numllljjg'] of nutrients density | pH
20. 0.48 0.06 0.04 52 8.4 carbon | nitrogen | phosphorus | (%100)
21. 0.78 0.1 0.01 63 8.8 1. 4 0.9 0.056 72 33
22. 3.24 0.4 0.04 200 5.3 2. 4 0.9 0.056 75 33
23. 1.6 0.2 0.01 120 7.6 3. 1.62 0.9 0.056 86 55
24, 6 0.8 0.04 225 84 4, 1.62 0.9 0.056 76 35
25, 12 0.035 0.01 49 7.1 5. 7.8 0.2 0.056 37 4
26. 4.8 0.14 0.04 100 4.1 6. 7.8 0.2 0.056 42 3.9
Sdissociant 7. 7.8 0.9 0.01 67 4.1
Medium of nutrients densit H 9. | 078 | 04 0.028 11 8.5
number : y| P
carbon | nitrogen | phosphorus| (*100) 10*. | 3.8 0.1 0.028 95 4.1
1 7.98 181 0.11 400 11*. 3.18 04 0.007 77 3.8
2. 7.98 181 0.11 372 12*. 0.282 0.1 0.008 27 8.3
3. 4 0.9 0.056 376 13*. | 0.78 0.03 0.008 58 7.4
4. 4 0.9 0.056 334 7.7 14*. 0.78 0.1 0.002 31 34
5. 7.98 0.72 0.056 350 6.7 15. 04 0.035 0.01 31 85
6. 7.98 0.72 0.056 340 6.2 16. 1.62 0.14 0.04 109 8.3
7. 7.98 0.9 0.056 320 8.6 17. 04 0.015 0.01 29 1.7
8. 7.98 0.9 0.056 243 4.4 18. 16 0.06 0.04 129 8.8
9*. | 0.78 0.4 0.028 51 8.8 19. 0.12 0.035 0.01 10 85
10*. 0.78 04 0.028 74 8 20. 0.48 0.14 0.04 35 7.3
11*. 3.18 0.1 0.028 111 4 21. 0.12 0.015 0.01 15 7
12*. 3.18 0.1 0.028 109 4 22. 0.48 0.06 0.04 69 8.6
13*. | 3.18 0.4 0.007 106 3.7 23. 0.78 0.1 0.01 71 8.8
14*. 3.18 04 0.007 90 3.6 24, 3.24 04 0.04 142 33
15*. 0.282 0.1 0.008 22 8.3 25. 16 0.2 0.01 90 7.8
16*. | 0.78 0.03 0.008 60 7.4 26. 6 0.8 0.04 220 8.8
17*. 0.78 0.1 0.002 34 6.6 27. 1.2 0.035 0.01 69 7.2
18*. | 0.282 0.1 0.008 25 8.2 28. 4.8 0.14 0.04 155 31

Note: The asterisk symbol marks the experiments with subcultures (see text for explanation).
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Table 2. The calculated requirements of the dissociants for carbon, nitrogen, and phosphorus (in 1022 mg/cell)

R dissociant Sdissociant M dissociant
e I B e s O el B I N
2. 96 0.7 3. 342 2.3 1. 4.2
3. 120 4, 384 5.6 2. 630 3.2
4, 156 5. 51 7. 384 9
6. 18 6. 384 31 9. 432
7. 90 7. 432 6.5 11. 53
10. 148 1.2 9. 540 12. 642
11. 8 11 10. 384 13. 31
12. 0.8 15. 433 14. 4
14. 144 16. 19 17. 32
15. 6 17. 2 18. 28
18. 156 18. 381 21. 480
21. 120 19. 18 22. 420
22. 2 20. 243 2 23. 684
24. 1.8 23. 18 25. 6.7
25. 7 24, 15 26. 10.6
25. 450 27. 31
28. 348
29. 384
30. 612
32. 6

Note: qic , qiN ,and qu aretherequirements of theith dissociant (i =R, S, and M) for carbon, nitrogen, and phosphorus, respectively. The

medium numbers correspond to those in Table 1.

0.004% phosphate. Additional experiments on cultiva-
tion in this medium allowed the requirements of the R
and S dissociants for the nutrient elements C, N, and P
to be estimated as, respectively, 122 x 1072 and 345 x
102 mg Clcell, 5.75 x 1072 and 24 x 102 mg N/cell,
and 0.85 x 1012 and 3.5 x 10-'> mg P/cell. A compari-
son of these values and those presented in Table 3
shows that they are close.

It should be noted that the earlier estimates of the
nutritional requirements of the dissociants for glucose,

Table 3. The mean requirements (with standard errors) of
the R, S, and M dissociants for carbon, nitrogen, and phos-
phorus (in 10722 mg/cell)

Nutrient element
Dissociant
carbon nitrogen phosphorus
R 129+ 22 70+25 1.0+£05
S 409 + 55 175+ 30 40+15
M 525+ 114 31+3 6.0+25

nitrate, and phosphate [11] were obtained by using one
conversion coefficient (cell number to culture turbidity)
for all three dissociants. Their nutritional requirements
recast with due consideration for the different conver-
sion coefficients obtained in this study are presented in
Table 4. As can be seen from a comparison of Tables 3
and 4, the earlier and current estimates of the nutritional
requirements of the R and S dissociants are in agree-
ment (taking into account that the error of the earlier
estimates reach 50% [11]). The discrepancy of the ear-

Table4. The mean requirements (with standard errors) of
the R, S, and M dissociants for carbon, nitrogen, and phos-
phorus (in 102 mg/cell), which are estimated from the re-
sults of the earlier experiments[11]

Nutrient element
Dissociant
carbon nitrogen phosphorus
R 110+ 8 85+31 1.0+£03
S 366 + 23 38.3+£10.3 38+10
M 1706 £ 941 | 1440+635 | 11.8+58
MICROBIOLOGY Vol. 73 No.1 2004



THE REQUIREMENTS OF PSEUDOMONAS AERUGINOSA DISSOCIANTS 41

lier and current estimates of the nutritional require-
ments of the M dissociant can be explained as follows:
The stationary-phase culture turbidities of the M disso-
ciant in the earlier and present experiments are nearly
the same, although the concentrations of the nutrients
in the earlier experiments were 5 to 10 times higher.
Conversely, at the same contents of the nutrients, the
cultureturbidities of the M dissociant that were reached
in the present experiments are several times greater
than those reached in the earlier experiments. It can be
suggested that the growth of the M dissociant in the ear-
lier experimentswas limited by the formation of formic
acid from glucose[5] and the concurrent decreasein the
pH of the medium, but not by the exhaustion of the
nutrients from the medium. In other words, the nutri-
ents were not consumed completely, and the earlier
estimates of the nutritional requirements of the M dis-
sociant were overestimated.
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